I. INTRODUCTION
Over the past two decades, the emergence of the concept, silicon photonics, has greatly encouraged the intensive pursuit of inexpensive technologies for fabricating light emitters and modulators with Si-based materials. 1 Given that the Si light emitters, especially, lasers, are not commercially available, research in the field of Si photonics is still in an early stage. The most challenging step of Si photonics is to find a low-loss active medium that can be used for achieving optical gain and waveguiding in order to pave the way for fabricating a silicon laser in the wavelength of interest. However, bulk crystalline silicon is a poor light emitter at room temperature, mainly due to its low rate of radiative recombination as a result of its indirect band gap structure. During the 1990s, many different strategies were employed to overcome the problem. The most successful ones are based on the exploitation of low dimensional silicon in which the optical and electronic properties are modified by quantum confinement effects. [2] [3] [4] [5] [6] Silicon nanocrystals ͑nc-Si͒ are considered to be the preferable strategy for improving the light emission properties of silicon. 6 SiO 2 thin film embedded with nc-Si, which is actually a planar waveguide, is considered as a very promising candidate for such an active medium with the advantages of chemical stability and full compatibility with the complementary metal oxide semiconductor ͑CMOS͒ process. Various techniques have been employed to synthesize nc-Si, including chemical vapor deposition ͑CVD͒, 7,8 sputtering, 9, 10 pulse laser deposition ͑PLD͒, 11, 12 and silicon ion implantation into SiO 2 . 6, [13] [14] [15] [16] Among all these techniques, silicon ion implantation into a SiO 2 matrix followed by high temperature annealing is considered as one of the most promising methods for producing chemically and electrically stable ncSi. It also allows for an accurate control of the depth distribution of nc-Si within the SiO 2 film and yields a smaller size ͑Ͻ10 nm͒ and a narrow size distribution of the nc-Si. In such material system of SiO 2 matrix embedded with Si nanocrystals, the optical properties of isolated nc-Si should be different from those of bulk crystalline silicon due to the size effect, and should be also different from those of a continuous Si-nanocrystal film. Therefore, it would be interesting to examine the optical properties of isolated nc-Si embedded in SiO 2 matrix. Such a study is obviously important to the fundamental physics as it is concerned with a system of quantum dots isolated by a dielectric matrix, and it is also necessary to the optoelectronic and photonic applications of the nc-Si. Many investigations focusing on the theoretical calculations of optical properties of semiconductor nanocrystals using various methods such as empiricalpseudopotential approach and ab initio technique have been reported. [17] [18] [19] [20] Some experimental studies on determining nc-Si optical properties have also been reported. [21] [22] [23] [24] ever, few experimental investigations on the size effect on optical properties of nc-Si embedded in SiO 2 matrix have been reported. In this work, the optical properties, including dielectric functions and optical constants, of nc-Si embedded in SiO 2 synthesized with Si ion implantation have been determined with spectroscopic ellipsometric ͑SE͒ analysis. The optical properties of nc-Si are modeled with the ForouhiBloomer ͑FB͒ formalism, 25 which can yield the energy band gap of the nc-Si. A large reduction in the dielectric functions and band gap expansion are found for the nc-Si, and a strong influence of nanocrystal size on the optical properties is observed.
II. EXPERIMENT
Wafers used in this study were p-type Si͑100͒ with resistivity of 20-30 ⍀ cm. SiO 2 films with thickness of 550 nm were grown on the Si substrate by wet oxidation at 1000°C. Afterwards, a high dosage of Si ions ͑10
16 -10 17 atoms/ cm 2 ͒ were implanted into the SiO 2 films at various energies ranging from 100 to 3 keV ͑100, 50, 18, 5, and 3 keV͒ at room temperature, and the samples are denoted as samples 1-5, respectively. Implantations were conducted at 7°off axis to reduce channeling effect. Silicon nanocrystals were formed after high temperature annealing at 1000°C for 20 min in N 2 ambient. As a typical example, Fig. 1͑a͒ shows the high resolution transmission electron microscope ͑HRTEM͒ image of nc-Si embedded in SiO 2 matrix synthesized with Si + implantation at 100 keV ͑i.e., sample 1͒. The average size of nc-Si was determined from the broadening of Bragg peak in the x-ray diffraction ͑XRD͒ spectrum. As an example, Fig. 1͑b͒ shows the XRD measurement for nc-Si embedded in SiO 2 matrix and the pseudo-Voigt fit to the data for sample 1. Table I gives the sizes of nc-Si for all the samples ͑i.e., samples 1-5͒ under the investigation in this study. SE measurement was carried out with a spectroscopic ellipsometer ͑J. A. Woollam Co., Inc.͒ in the wavelength range of 250-1100 nm with a step of 5 nm, and the incident angle was set at 75°.
III. METHODOLOGY
In this work, the band gap, dielectric functions and optical constants of the nc-Si are obtained from the SE analysis based on a multilayer model which is schematically shown in Fig. 2 . The nc-Si depth distribution in the SiO 2 thin film is obtained from the stopping and range of ions in matter ͑SRIM͒ simulation. The SRIM intensity I͑x͒ due to the excess silicon in the Si + -implanted region at a given depth x can be obtained by deducting the Si signal of the pure SiO 2 region from the total Si signal ͑which is from both the excess Si and the SiO 2 ͒ at the depth. The volume fraction of nc-Si at depth x should be proportional to the intensity I͑x͒. Thus the volume fraction f͑x͒ of the nc-Si embedded in SiO 2 at depth x can be expressed as
where Q is the dose of implanted Si ions in the unit of atoms/ cm 2 , d max is the maximum depth in SiO 2 beyond which no excess Si can be detected, and N Si is the Si density in the unit of atoms/ cm 3 . In this study N Si is equal to 5 ϫ 10 22 atoms/ cm 3 . It is found that the annealing after the ion implantation did not change the profile of excess Si in SiO 2 due to the low diffusion coefficient of Si in SiO 2 film. Thus, the f͑x͒ calculated with Eq. ͑1͒ represents the depth profile of the nc-Si volume fraction. Figure 3 shows the depth profiles of the volume fraction of nc-Si in SiO 2 for the five samples. The peak nc-Si volume fractions for the samples are also included in Table I .
As shown in Fig. 2 , the nc-Si distributes from the SiO 2 surface to a depth of d max , and almost no nc-Si can be found beyond d max . As such, the thin film was divided into two layers, namely, the first layer ͑0 ഛ depthഛ d max ͒ with nc-Si distributing in SiO 2 , and the second layer ͑depthϾ d max ͒ which is basically a pure SiO 2 without nc-Si. The thickness ͑d 1 ͒ of the first layer is equal to d max . The first layer is then further divided into n sublayers with equal thickness d 0 = d max / n nm. Each sublayer can be optically schematized as an effective medium consisting of SiO 2 and the nc-Si, and its complex dielectric function can be calculated with an appropriate effective medium approximation ͑EMA͒. 26 In the SE analysis, the ellipsometric angles ͑⌿ and ⌬͒ can be expressed as functions of the dielectric function ͑ nc-Si ͒ of the nc-Si, 22 although these functions cannot be displayed with analytical formulas due to their complexity. A spectral fitting based on the functions to the experimental data of ⌿ and ⌬ can yield the dielectric functions of nc-Si. 22 For the spectral fitting, an optical dispersion model is required. In the present work, the four-term FB model 22, 25 was found to be the most suitable one to obtain a reasonable fitting in the photon energy range of 1 -5 eV. Increase in the number of the FB model terms can improve the fitting. However, the improvement is not significant indicating that the four terms used in the FB model are the major contributors, while the computation time is increased significantly. The details of the fourterm FB model can be found in Ref. 22 . A spectral fitting to the experimental SE spectra yields the following parameters of the four-term FB model: 22 the parameters A i , B i and C i ͑i =1, 2, 3, and 4͒ that are related to electron transition, the refractive index n͑ϱ͒ for photon energy E → ϱ, and the energy band gap E g of the nc-Si.
IV. RESULTS AND DISCUSSION
As can be seen in Table I , the size of nc-Si varies with the implantation recipe ͑i.e., the implantation energy and dose͒. This is actually a result of the variation in the concentration of excess Si in SiO 2 . The excess Si with a higher concentration should tend to aggregate more easily and form nc-Si with a larger size during the high temperature annealing. As the concentration of excess Si in SiO 2 is determined by the implantation recipe ͑i.e, energy and dose͒, the nc-Si size can thus be varied in terms of the variation in the implantation energy and/or implantation dose. With this way we have been able to synthesize the five samples with various nc-Si sizes.
Using the methodology described in above section we have obtained the dielectric functions and optical constants of the nc-Si with various sizes embedded in SiO 2 for the five samples, and they are shown in Figs. 4 and 5 , respectively. The dielectric functions and optical constants of bulk crystalline silicon are also included in the two figures for comparison. The parameters including A i , B i , C i ͑i =1, 2, 3, and 4͒, n͑ϱ͒, and E g of the four-term FB model for the nc-Si with various sizes are given in Table II . For comparison, the corresponding parameters of bulk crystalline silicon are also included in the table.
As can be seen in Figs. 4 and 5, the nc-Si of all the samples exhibits a significant suppression in the dielectric functions and optical constants with respect to bulk crystalline silicon, and nc-Si size has a large influence on both the magnitude and shape of the spectra of the dielectric functions and optical constants. It is well known that dielectric functions of a crystalline material are closely associated with its electronic band structure which is often described by the joint density of states ͑DOS͒. 27 The critical points observed in the dielectric spectra of crystalline material are believed to originate from singularities in the joint DOS. 27 In Fig. 4 , one can see that the imaginary part of the dielectric functions of bulk crystalline silicon show main peaks at the transition energies E 1 ͑ϳ3.4 eV͒ and E 2 ͑ϳ4.3 eV͒ as its critical points. The main peaks are responsible for the high absorption of the light wave by the material. As regard to the case of nc-Si embedded in SiO 2 as shown in Fig. 4͑b͒ , the magnitude of the imaginary part of the dielectric functions decreases when the nc-Si size is reduced. There is no much change in the transition energy of E 1 for all the samples, but a large redshift ͑ϳ0.3 eV͒ in the transition energy of E 2 is observed for samples 1 and 2 which have a nc-Si size of 4.6 and 5.3 nm, respectively. Table II clearly shows that the nc-Si exhibits a large expansion in the band gap as compared to that of the bulk crystalline silicon and the band gap of the nc-Si increases when the nc-Si size is reduced. For example, for the nc-Si with a size of 4.6 nm ͑sample 1͒, it has a band gap of 1.74 eV which is significantly larger than the band gap ͑1.1 eV͒ of the bulk crystalline silicon. The band gap expansion is the most direct evidence of quantum confinement effect of nc-Si. The band gap expansion of nc-Si and its dependence on the nanocrystal size have been demonstrated by some theoretical calculations of the band gap of nc-Si. 
where D is the nc-Si size in nanometers, E g ͑D͒ is the band gap in eV of the nc-Si, E g0 is the band gap of bulk crystalline Si which is equal to 1.12 eV at room temperature, C = 3.9, and n = 1.22. A calculation of the band gap expansion with Eq. ͑2͒ is shown in Fig. 6 , and the calculation is also compared with the band gap expansions obtained from the SE analysis discussed above. A good agreement in the comparison can be seen in Fig. 6 . This suggests that the band gap expansion is due to the quantum confinement and thus the optical properties of the nc-Si observed in this study should be related to the quantum confinement also.
V. SUMMARY
Silicon nanocrystals with different sizes ranging from 4.6 to 7.8 nm embedded in SiO 2 have been synthesized with various implantation recipes ͑i.e., different implantation energies and doses͒. Optical properties, including the dielectric functions and optical constants, of the nc-Si have been studied in the photon energy range of 1.1-5 eV with spectroscopic ellipsometry based on the four-term Forouhi-Bloomer optical dispersion model. The band gap of the nc-Si embedded in SiO 2 is also obtained from the SE analysis. The influence of nanocrystal size on the optical properties of the nc-Si has been investigated. A strong dependence of the dielectric functions and optical constants on the nc-Si size is observed. For the imaginary part of the dielectric functions, the magnitude of the main peaks at the transition energies E 1 and E 2 exhibits a large reduction and a significant redshift in E 2 depending on the nc-Si size. A band gap expansion is observed when the nc-Si size is reduced. The band gap expansion with the reduction of nc-Si size is in good agreement with the prediction of first-principles calculations based on quantum confinement.
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